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GRAPHICAL  ABSTRACT 


►  An  all-solid-state  battery  using 
LiBH4  as  a  solid  electrolyte  is 
prepared. 

►  LiBH4  has  good  compatibility  with 
a  lithium  anode. 

►  It  presents  a  large  resistance  at  the 
interface  with  a  LiCo02  cathode. 

►  Use  of  a  Li3P04  intermediate  layer 
decreases  the  interfacial  resistance. 
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Electrochemical  properties  of  all-solid-state  lithium  batteries  using  lithium  borohydride  (LiBH4)  as 
a  solid  electrolyte  are  presented  for  the  first  time.  Despite  its  high  conductivity  and  good  compatibility 
with  a  lithium  electrode,  LiBH4  has  not  been  considered  suitable  for  practical  applications  partly  due  to 
its  high  reducing  capability  when  used  with  metal  oxides.  In  our  investigation,  it  was  confirmed  that 
contact  between  this  hydride  solid  lithium  ion  conductor  and  LiCo02  results  in  a  large  interfacial 
resistance,  and  therefore  significant  capacity  loss.  In  an  attempt  to  minimize  this  effect,  an  intermediate 
Li3P04  layer  was  employed.  Our  results  indicate  a  significant  improvement  in  both  the  rate  and  the  cycle 
performance  of  LiBH4  solid  electrolyte  batteries,  suggesting  that  LiBH4  can  be  used  in  practical  appli¬ 
cations  as  an  electrolyte  in  all-solid-state  lithium  batteries. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Secondary  batteries  are  essential  components  of  laptops,  elec¬ 
tric  vehicles,  cellular  phones  and  other  electric  devices.  Among  the 
various  kinds  of  rechargeable  batteries,  the  lithium  battery  has  the 
highest  energy  density;  however,  since  it  involves  the  use  of 
a  flammable  organic  liquid  electrolyte,  it  has  been  deemed  too 
hazardous  for  practical  applications,  when  battery  size  is  increased. 
The  use  of  an  inorganic  solid  electrolyte  instead  of  an  organic  liquid 
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electrolyte  in  the  battery  has  been  suggested  as  a  way  of  circum¬ 
venting  this  hazard.  Various  kinds  of  solid  electrolytes  have  been 
investigated  to  date,  including  oxides  and  sulfides.  Among  them, 
perovskite  (AB03)-type  lithium  lanthanum  titanate  (LLT)  [1,2], 
NASICON  with  NaA2(P04)3  structure  [3,4],  LISICON  and  Thio- 
LISICON  with  a  Y-U3PO4  framework  [5]  and  garnet- type  materials 
with  a  nominal  Li5La3M20i2  composition  [6]  are  well  known  to 
exhibit  high  Li-ion  conductivity.  Kanno  et  al.  recently  reported  high 
conductivity,  in  the  range  of  1CT2  S  cm-1,  in  a  novel  material, 
LiioGeP2Si2  [7]  at  ambient  temperature,  which  is  comparable  to 
that  of  conventional  organic  liquid  electrolytes.  In  addition, 
amorphous-based  conductors  such  as  sulphide-based  glass 
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electrolytes  and  UPON  [8-10],  have  been  the  focus  of  much 
attention  due  to  their  potential  for  use  in  all-solid-state  lithium 
batteries.  In  our  study,  our  focus  was  on  a  new  class  of  lithium 
conductors,  lithium  borohydride  (UBH4)  which  shows  the  struc¬ 
tural  transition  from  orthorhombic  (LT  phase)  to  hexagonal  (HT 
phase)  at  about  113  °C  [11].  With  structural  transition,  the  lithium 
ion  conductivity  rises  dramatically  to  the  order  of  1CT3  S  cm-1.  It 
has  been  found  that  the  structural  transition  temperature  can  be 
lowered  by  the  addition  of  a  series  of  lithium  halides  (Lil,  LiBr  and 
LiCl)  [12,13].  From  an  application  point  of  view,  while  this  material 
shows  excellent  chemical  stability  with  a  Li-metal  negative  elec¬ 
trode,  it  comes  with  the  risk  of  decomposing  by  reacting  with 
oxidative  cathode  materials  such  as  UC0O2.  In  this  investigation, 
all-solid-state  batteries  with  HT  phase  LiBH4  solid  electrolyte  were 
constructed  and  their  cell  performance  was  determined.  Among 
these  batteries  was  one  with  an  intermediate  layer  between  UC0O2 
cathode  and  LiBH4  electrolyte. 

2.  Experimental 

2.1.  Fabrication  process  of  an  all-solid-state  battery 

A  hand-milled  mixture  of  UC0O2  powder  (DIO,  Toda  Kogyo)  and 
LiBH4  powder  (Aldrich,  >90%  purity)  in  a  weight  ratio  of  10:1  was 
used  as  the  cathode  in  a  bulk-type  cell.  For  the  anode,  Li  foil  (Honjo 
Metal,  >99%  purity)  was  used.  An  all-solid-state  cell  was  fabricated 
using  a  commercial  cell  assembly  according  to  the  following 
process.  The  cathode  powder  and  LiBH4  powder  were  pressed 
together  into  a  two-layer  pellet  (<p  =  10  mm,  t  =  1  mm)  under 
a  pressure  of  3  ton  cm-2.  Then,  Li  foil  {<p  =  9  mm)  was  placed  on  the 
LiBH4  side  as  the  anode.  This  process  was  carried  out  under  an  Ar 
atmosphere.  The  cell  was  sealed  and  heated  at  120  °C  where  LiBH4 
shows  high  conductivity.  Galvanostatic  charge-discharge 
measurements  were  carried  out  at  a  constant  current  density  of 
0.05-0.1  mA  (0.065-0.13  mA  cm-2)  in  a  potential  range  between 
3.0  and  4.2  V  using  a  potentio-galvano  stat  (Solartronl470E). 
Electrochemical  impedance  spectra  were  measured  by  an  imped¬ 
ance  analyzer  (Solartronl260)  with  an  ac  voltage  of  100  mV  in  the 
frequency  range  of  1  MHz-0.1  Hz. 

2.2.  Deposition  of  a  Li3P04~coated  thin-film  cathode 

In  order  to  investigate  the  effects  of  an  intermediate  layer  on 
electrochemical  performance  in  all-solid-state  cells,  Li3P04/LiCo02 
thin-films  grown  by  pulsed  laser  deposition  (PLD)  were  utilized.  The 
amorphous  Li3P04  thin-films  with  lithium  ion  conductivity  of 
4.6  x  10  7  S  cm-1  at  room  temperature  are  obtained  by  PLD  [14]. 
Li3P04  is  known  for  their  good  contact  with  the  metal  oxides 
including  LiCoC^.  Si  wafers  coated  with  Pt  and  Ti  were  used  as  the 
substrate.  The  LiCo02  target  was  a  mixture  of  LiCo02  and  Li20 
(Aldrich)  with  a  weight  ratio  of  100:15  to  compensate  for  lithium 
loss  during  deposition  [15].  The  Li3P04  target  consisted  of  pure 
Li3P04  (Aldrich).  After  the  target  materials  were  pelletized,  cold 
isostatic  pressing  (CIP)  was  carried  out  at  250  MPa  before  sintering. 
The  LiCo02  and  Li3P04  pellets  were  sintered  for  12  h  at  850  °C  and 
1100  °C,  respectively.  The  targets  and  substrate  were  placed  inside 
the  vacuum  chamber  of  the  PLD  system  at  a  pressure  of  less  than 
10-5  Pa.  The  target- to-substrate  distance  was  kept  at  45  mm.  A  KrF 
excimer  laser  with  a  wavelength  of  248  nm  (COMPex205, 
COHERENT)  was  used  for  deposition.  The  laser  power  and  repetition 
rate  were  controlled  at  300  mj  and  10  Hz  for  LiCo02  and  at  150  mj 
and  5  Hz  for  Li3P04,  respectively.  Film  deposition  was  carried  out  at 
300  °C  and  P(02)  of  10  Pa  for  LiCoCb,  and  at  room  temperature 
and  P(02)  =  1  Pa  for  Li3P04.  A  fabrication  process  of  cells  with 
this  thin-film  electrode  was  as  described  above  for  bulk-type  cells. 


2.3.  Structural  analysis 

Analysis  of  the  thin-films  by  X-ray  diffraction  (XRD;  Advance, 
Bruker)  was  performed  using  Cu-Ka  radiation.  The  surface 
morphology  and  thickness  of  the  thin-films  was  determined  by 
a  scanning  probe  microscope  (SPM;  JSPM-5200,  JEOL)  and  a  scan¬ 
ning  electron  microscope  (SEM;  JSM-6500F,  JEOL).  Raman  spectra 
were  recorded  using  a  Raman  system  (Horiba  JobinYvon,  HR-800). 
A  632.8  nm  line  from  a  He— Ne  laser  was  used  as  the  light  source. 

3.  Results  and  discussion 

3.1.  Electrochemical  performance  of  the  cell  using  a  non-coated 
UC0O2  cathode 

First,  the  cell  comprises  of  Li |LiBH4| non-coated  bulk  LiCo02  is 
prepared,  and  its  electrochemical  properties  will  be  discussed  in 
this  section.  The  Nyquist  plots  of  a  cell  using  non-coated  LiCo02 
powder  on  the  charged-state  are  shown  in  Fig.  1.  The  value  of  “Re  Z” 
at  the  high  frequency  limit  (on  the  left)  of  the  semicircle  corre¬ 
sponds  to  the  resistance  of  the  electrolyte,  estimated  at  approxi¬ 
mately  60  Q,  which  is  in  good  agreement  with  the  reported 
value  [11].  The  diameter  of  the  semicircle  corresponds  to  the 
electrode-electrolyte  interfacial  resistance.  The  diameter,  at  350  Q 
after  the  1st  charging  cycle,  increases  with  increasing  cycle 
numbers  up  to  1150  Q  after  the  10th  cycle.  Although  the  initial 
charge  capacity  of  the  cell  was  157  mAh  g-1,  comparable  to  the 
theoretical  capacity  of  LiCoCb,  the  capacity  decreased  to 
68  mAh  g-1  in  the  subsequent  discharge  and  further  decreased  to 
18  mAh  g_1  after  the  10th  cycle.  Since  LiBH4  has  good  chemical 
compatibility  with  the  lithium  electrode,  this  degradation  is  clearly 
attributable  to  the  reaction  at  the  cathode  side,  indicating  the  need 
for  modifications  at  the  interface  of  LiBH4/LiCo02  to  suppress  the 
large  electrode  resistance  and  capacity  loss. 

3.2.  Surface  modification  to  the  UC0O2  thin-film 

In  an  attempt  to  minimize  the  electrode  resistance  and  reduce 
capacity  loss,  a  Li3P04-coated  LiCoCb  thin-film  was  adopted  as  the 
cathode.  As  shown  in  the  SEM  image  in  Fig.  2(a),  the  film  formed 
was  dense,  without  any  pinholes  or  cracks.  The  average  grain  size  of 
the  LiCo02  was  approximately  100  nm.  The  roughness  of  the  Li3P04 
layer  was  determined  to  be  7.26  nm,  as  shown  in  Fig.  2(b),  while 
that  of  the  LiCo02  layer  before  Li3P04  growth  was  1.99  nm.  Large 
precipitates  with  a  diameter  of  1-10  pm  appear  to  be  Li3P04 
islands;  while,  smaller  ones  are  LiCo02  agglomerates.  Keeping  in 
mind  that  the  intermediate  layer  should  ideally  be  as  thin  as 
possible,  after  taking  the  roughness  of  the  layer  into  account,  it 
was  determined  that  a  25  nm-thick  Li3P04  layer  was  sufficient  to 


Fig.  1.  Nyquist  plots  of  a  bulk-type  cell  (Li|LiBH4|LiCo02)  on  the  charged  state  after  1st, 
2nd,  3rd  and  10th  cycles. 
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Fig.  2.  A  cross-sectional  SEM  image  (a)  and  a  surface  SPM  image  (b)  of  a  thin-film 
LiCo02  coated  with  an  amorphous  Li3P04  layer.  The  thicknesses  of  the  LiCo02  and 
U3PO4  layers  were  250  nm  and  25  nm,  respectively. 


fully  cover  the  UC0O2  surface.  The  XRD  analysis  indicated  three 
peaks  in  the  UC0O2  thin-film,  corresponding  to  the  003,  006  and 
009  reflections  from  rhombohedral  LiCo02,  as  reported  by  Xia  and 
Lu  [16].  This  implies  that  the  UC0O2  film  prepared  was  c-axis 
oriented.  From  high-temperature  XRD  (not  shown),  it  was  also 
confirmed  that  the  crystallization  of  Li3P04  layer  took  place  at 
around  750  °C. 


3.3.  Electrochemical  performance  of  the  cell  using  the  U3PO4- 
coated  LiCo02  cathode 

The  electrochemical  properties  of  the  cells  using  a  UBH4 
electrolyte  and  UC0O2  thin-film  cathodes  with  and  without 
a  Li3P04  coating  are  then  investigated.  The  Nyquist  plots  of  a  cell 
with  the  thin-film  cathode  are  shown  in  Fig.  3.  A  cell  using  a  bare 
LiCo02  without  an  intermediate  layer  (Fig.  3(b))  gave  a  large 
semicircle  with  a  diameter  of  more  than  104  Q  corresponding  to 
the  electrode  interface  resistance.  This  interfacial  resistance  is 
much  larger  than  that  of  the  bulk- type  cell  (Fig.  1 )  presumably  due 
to  smaller  contact  area  between  UBFI4  and  the  thin-film  UCo02, 
which  had  a  smooth  surface.  For  the  LiCo02  cell  with  a  25  nm- 
thick  U3PO4  coating,  the  diameter  reduced  to  around  20  Q,  and 
almost  no  change  in  resistance  was  observed  even  after  30  cycles 
of  charge-discharge.  The  use  of  the  intermediate  layer  resulted  in 
significant  improvements  in  both  the  capacity  and  cycle  perfor¬ 
mance,  as  shown  in  Fig.  4.  The  initial  discharge  capacity  of  the  cell 
was  estimated  at  89  mAh  g-1  assuming  the  theoretical  density  of 
5  g  cm-3  for  the  UC0O2  film.  It  showed  high  capacity  retention 
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Fig.  3.  Nyquist  plots  of  cells  with  a  25  nm-thick  Li3P04  coated  LiCo02  thin-film  (a)  and 
with  a  non-coated  LiCo02  thin-film  (b).  Filled  circles:  after  1st  charging,  White  circles: 
after  30th  charging. 


upon  cycling:  the  discharge  capacity  after  30  cycles  was  more 
than  97%  of  the  initial  discharge  capacity,  even  though  the 
capacity  obtained  was  low  with  respect  to  the  theoretical  capacity 
for  UC0O2  (140  mAh  g_1).  This  difference  in  the  capacity  can  be 
attributed  to  the  low  crystallinity  of  the  thin  film  and  the  presence 
of  impurities  such  as  lithium  oxide  and  cobalt  oxide.  The  high 
resistivity  in  the  absence  of  the  intermediate  layer  can  be  attrib¬ 
uted  to  the  chemical  reaction  between  charged-state  Lii_xCo02 
(highly  oxidative)  and  LiBH4,  which  results  in  the  formation  of  an 
insulating  layer  at  the  interface.  Since  UBH4  is  a  strong  reducing 
agent,  direct  contact  with  transition  metal  oxides  leads  to  the 
reduction  of  the  oxide  phases. 

3.4.  Degradation  mechanism  of  the  cell  using  the  non-coated 
UC0O2  cathode 

Further  analysis  by  Raman  spectroscopy  was  carried  out  in  order 
to  clarify  the  reaction  between  UBFI4  and  UC0O2.  Fig.  5(a)  shows 


Fig.  4.  Charge-discharge  curves  of  a  cell  with  a  25  nm-thick  Li3P04  coated  LiCo02 
thin-film. 
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even  though  no  resultant  compounds  except  for  C03O4  and 
CoO(OH)  were  detected  in  this  study. 

Li0.5CoO2  +  1  /8UBH4  — ►  1  /4Co304  +  l/4CoO(OH)  +  l/8LiB02 
+  l/4Li20  +  l/8H2  (1) 


4.  Conclusions 

The  hydride-base  lithium  ion  conductor  UBH4  has  the  potential 
to  perform  as  a  solid  electrolyte  in  all-solid-state  battery  applica¬ 
tions.  A  simple  cell  comprising  of  Li|LiBH4|LiCo02  showed  large 
interfacial  resistance  due  to  the  reaction  of  UBH4  and  LiCo02  at  the 
interface  even  though  the  LiBH4  and  Li  metal  have  good  compati¬ 
bility.  Raman  spectroscopy  revealed  the  existence  of  C03O4  and 
CoO(OH)  in  a  LiCo02  electrode  after  charge-discharge  cycles.  To 
overcome  the  interfacial  reaction,  a  thin  Li3P04  intermediate  layer 
between  LiBFU  and  LiCo02  was  shown  to  be  remarkably  effective, 
reducing  the  interfacial  resistance  by  three  orders  of  magnitude, 
and  allowing  for  a  discharge  capacity  of  89  mAh  g  1  at  a  constant 
current  density  of  0.05  mA  cm-2.  This  cell  retains  97%  of  the  initial 
discharge  capacity  even  after  30  charge-discharge  cycles. 
These  results  suggest  that  by  utilizing  the  compatibility  between 
LiBFU  and  Li  metal,  the  use  of  LiBFU  in  all-solid-state  batteries  is 
possible. 
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